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I° 
Quantitative description of geotropic orientation as  controlled by 
the magnitude of the effective component of gravity has been obtained 
for several animals, including young rats (Crozier and Pincus, 1926-27, 
a;  1926-27,  c; Pincus, 1926-27), mice (Crozier and Oxnard,  1927-28; 
Keeler,  1927-28),  slugs (Wolf,  1926-27; Wolf and Crozier,  1927-28, 
a),  and certain others.  The interpretation of these descriptions in 
terms  of the processes of excitation  which limit the  extent  of the 
orientation must be checked through experiments with other organisms, 
in which particular features of the orientation effect may be separately 
studied.  This is especially the case when it is desired to utilize the 
descriptions for the investigation of behavior  in compound fields oi 
excitation (Crozier and Pincus, 1926-27, b; Wolf and Crozier, 1927-28; 
Crozier  and  Stier,  1927-28).  Ideally,  adequate  mathematical  de- 
scription  must  be  based  upon  understanding  of the mechanisms 
governing the  orientation.  In  the  nature  of  the  case,  these  two 
aspects of the interpretation cannot be approached in ways entirely 
independent.  But  by  careful  examination  of  structurally  diverse 
animals,  creeping in  quite different ways, means may be found for 
the  critical  testing  of  the  several  orientation  formul~e.  In  this 
connection the distinction must be kept in  mind between formulae 
which  may  be  empirically adequate  and  of  a  type  convenient to 
handle, and rational equations based upon a theory of the controlling 
mechanism.  Thus a linear relationship has been found, with several 
forms, between log sin o~ and 0, where a  =  the inclination of the creep- 
ing plane above the horizontal and 8 =  the angle of upward orienta- 
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tion on the plane (Crozier and Pincus, 1926-27, a; 1926-27, b; Crozier 
and Oxnard,  1927-28;  Wolf,  1926-27).  The fit is very good except 
at  quite  low  values  of  a.  No  one  would  consider  the  agreement 
more than an empirically useful one, and as such it has been employed 
(Crozier and Pincus, 1926-27, b).  Yet, in a paper containing a variety 
of other  and  more  curious  misapprehensions,  Hunter  (1927)  states 
that  we  have  found  the  relationship  between  a  and  ~  "to  follow 
Weber's Law," although in the paper referred to (Crozier and Pincus, 
1926-27,  a,  p.  264)  explicit  caution against  such an  idea was  quite 
definite.  While  certain  formulations,  of  the  logarithmic  type  for 
example,  must  not  be  taken  to  have  more than  a  useful  share  of 
significance, it  is important  for the uses to  which they may be  put 
to  demonstrate  that  they  do  not  result  merely  from  accidents  of 
averaging  data  as  obtained  from  a  number  of  tested  individuals. 
For this  reason we have in crucial  cases depended upon data  from 
tests  with  a  few  really  comparable  individuals,  although  stating 
(Crozier and Pincus, 1926-27a, b) that these were cited as illustrative. 
But proof is given by the fact that with other organisms, where  the 
mechanics of creeping and the possible manner of the  limitation  of 
its  direction  are  obviously  different,  these  logarithmic  expressions 
do not apply. 
II. 
In the experiments already referred to it was found that on a  plane 
inclined at  angle  a  to the horizontal the upward orientation  of  the 
actively  creeping geosensitive organism is limited to  a  zone defined 
on either side by an average angle O on the plane  (cf.  Fig.  1).  The 
path describing the angle 0 is the limiting position for stable  progres- 
sion.  The magnitude of this angle is, for first approximation,  linearly 
related to the logarithm of the active gravitational component on the 
plane,  so that 
40 
corot.  (1) 
log sin 
The precise form of the relationship, and its meaning, will be examined 
in  another  place.  It  is  possible  to  show,  also,  that  in  particular 
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threshold difference between the downward pull of the body upon the 
musculature of the two sides.  Thus in the slug Agriolimax  (Wolf, 
1926-27) it is sufficient to assume that the downward pull of elements 
of the  body mass upon corresponding longitudinal elements of  the 
parietal musculature at  the anterior end of the animal becomes  so 
adjusted, at orientation, that the difference in the tensions produced 
on the two sides is reduced to a  constant value.  This requires  that 
the  longitudinal elements affected  be  mutually inclined,  and  at  a 
constant angle  (2  h).  The trigonometric expression to which these 
assumptions lead is adequately verified (Wolf,  1926-27); it states that 
when the limiting angle (0) is reached and maintained, 
(4 sin a  )(4 sin 0)  =  corot.,  (2) 
and it assumes that the "head angle," 2 h, is constant; this assumption 
might be tested by experiments with larger slugs (e.g., Limax)  when 
forced to carry added loads.  Another method of investigation is to 
employ  an  animal  in  which  the  "head  angle"  is  not  structurally 
determined, but  is  conditioned by the side to  side swinging of the 
anterior end during progression, and in which the amplitude of such 
swings  may  be  seen  to  vary.  The  tent  caterpillar  Malacosoma 
americana, and certain other larva~, provide suitable material.  The 
negative  geotropism  of  such  beetles  as  Taraopes letra@thalmus 
affords a quite different situation for comparison, and the successfully 
descriptive formulae,  whether arrived at as empirical approximations 
or  analytically,  are  totally  dissimilar.  We  will  consider  first  the 
evidence from Malacosoma larva~. 
III. 
The  experiments  are  very  simple,  and  for  that  reason  require 
considerable  care.  Each  caterpillar,  from  a  nest  maintained on  a 
branch  of  wild-cherry  in  the  laboratory,  is  repeatedly  caused  to 
creep  upon  an  inclined plane.  In  successive groups of  "runs"  of 
observations  the  inclination  of  the  plane  is  altered.  The  surface 
is  covered with  ~oarse  textured  paper,  affording a  good foothold. 
The larva is started head downward, or with the axis horizontal, and 
its path is traced by gentle application of a  soft pencil to the paper 
just behind the moving animal.  The tests are made in a  ventilated 806  GEOTROPISM  OF  INSECTS 
dark room, under very weak non-directive red light.  This is neces- 
sary, as during the periods, of the day involved in the tests directive 
white light of low intensity suffices to overcome the geotropic effect; 
to  this  aspect  of  the  matter  we  expect  later  to  return.  Suitable 
tests showed that the location of the observer did not influence the 
trails made; a possible influence of his breathing currents was excluded 
by an appropriate screen.  Tests in which creeping was studied upon 
a tightly stretched cloth surface showed that although the character 
of the surface may influence the speed of progression it does not affect 
the angles of orientation.  Nor did the pressure of the tracing point 
detectably modify the orientation.  The tests were all made between 
the hours of 2 p.m. and midnight.  The temperature in the dark room 
was between 21  ° and 24°C.  Occasionally, the geotropism is reversed 
and becomes positive; this happens especially when the food supply 
is  low.  Erratic  creeping  is  also  sometimes  encountered,  but  this 
is rare and can usually be traced to poor handling or to lack of food. 
The  best  trails  are  secured  when  creeping  is  at  moderate  speed, 
practically continuous, with the anterior end swinging not too vigor- 
ously nor too  extensively from side to  side.  As with other forms, 
geotropic  orientation  is  evident  only  during  progression  (this  also 
holds for experiments upon a turntable).  With increasing inclination 
of the  plane,  the  speed  of progression  becomes greater,  but  at  in- 
clinations above a  =  60 ° "hesitation" may be more pronounced, so 
that the net rate of progression appears to go through a  maximum 
at about this inclination.  In earlier experiments (Crozier and Stier, 
1925-26)  we avoided this effect of lateral head-movements by forcing 
the caterpillars to  creep  (vertically) upon a  slender rod.  We  have 
used individuals 2.5 to 3.5 cm. long, as older individuals (approaching 
pupation) may tend to be erratic; moreover, it was desirable to reduce 
certain sources of variation, possibly connected with age, in view of 
the  irreducable quantitative  fluctuation of the geotropic sensitivity 
which we will shortly discuss. 
Each animal was started first with one side, then with the other, 
downward.  There is considerable evidence of fluctuating asymmetry 
in  response.  This  sometimes takes  the  form of persistent  turning 
to one side, so that for a period all the orientation angles may be to 
the left or to the right,  no matter how the larva is started.  More W.  J.  CROZIER  AND  T.  J.  B.  STIER  807 
commonly, the asymmetry is revealed in  a  slight  but  on the  whole 
consistent difference, during a given set of trials, between the "right" 
and the "left" orientations.  These differences have been discounted 
by the method  of averaging  the  measurements  from the  individual 
trails.  Persistent  turning  to  one  side  has  the  advantage  that  the 
limiting value of the angle 0 achieves more definite expression. 
At  inclinations  of the  creeping plane  above 20  ° ,  sometimes above 
15  °,  the  caterpillar  promptly  orients  upward,  and  usually  strikes  a 
quite  definitely  straight  path.  The  angle  (0)  of this  path,  on  the 
plane  (Fig.  1),  in some instances changes from time to time, but in a 
. Fro.  1.  Illustrating  the definition of the angles and 0 involved in the description 
of geotropic orientation  of Malacosoma  larva~.  The traced line of progression of 
the caterpillar,  when creeping is started with  the axis of the body horizontal, 
comes to make a definite angle 0 on the inclined plane.  In many instances the 
path is complicated, in ways discussed in the text. 
manner  which  in  the  very  great  majority  of  cases  is  definite  and 
abrupt.  Illustrations  are  given  in  Fig.  2  (cf.  Fig.  3).  In  all  such 
cases  each  magnitude  of 0 was  recorded.  Change  of direction  was 
almost  always associated with a  brief pause in  creeping,  and with a 
more or less sharp alteration in the amplitude of the sideward bendings 
of the anterior end.  To this point we shall later return.  The change 
of direction  may result  either  in  an  increase  or in  a  decrease, of 0; 
at  higher  values of a  it is inappreciable.  The theory of orientation 
expressed in earlier papers  (Crozier  and Pincus,  1926-27,  a,  b) leads 
to the expectation that within the area defined on the creeping plane 
by +0 and  -0 the direction of movement is not constrained.  Hence, 
"chance" further upward turning would be expected to produce false =  <x =  50 °) 
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high  values of 0 in  at  least  a  number  of trails  such  as those  fairly 
sampled in Fig. 2.  An escape from this difficulty is, on the one hand, 
to secure a  very large number of trails;  and on the other to consider 
the results from those trails in which no obvious change of 0 is apparent, 
and which in fact yield identical average magnitudes of 0.  The total 
8O8 
Fio. 2. Trails (× ½) chosen practically at random to illustrate abrupt changes 
of 0 during progression on an inclined plane.  (In each case the tilt of the plane, 
a, is given; the respective magnitudes of 0 are only vaguely similar, in these instan- 
ces, to the corresponding mean values.)  The cross marks signify brief cessations 
of creeping.  See text. 
number of trails  measured was  1,480.  It  is of course obvious that 
with-a  very  rapidly  creeping  larva  orientation  may  occur  in  such 
a  way as to bring the  axis of progression  to  a  position beyond the 
limiting  value of 0,  in which  case a widely curving trail  may result, 
the final  outcome being  (given  creeping  over a  sufficient  distance), 
that the complimentary limiting position is ultimately assumed (of. C, 
Fig.  3).  The  proportion  of such  trails  encountered  is  quite  small, w.  j.  CROZIER AND  T.  J.  B.  STLER  809 
however.  In any case the few curved paths are legitimately excluded 
from consideration, since our object is to deal with the nature of the 
limiting conditions for oriented progression. 
Since  the  trails  were  usually taken  upon  sheets of paper  23  cm. 
wide  (i.e.,  high),  it  was possible that  the  handling  required  at  the 
completion  of  a  trail  and  at  the  starting  of  another  might  be of 
significance  in  connection  with  this  variation.  Experiments  were 
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therefore  made  upon  a  platform  of 3  meters  length, on  which  the 
spontaneous changes of amplitude of orientation, together with associ- 
ated changes in the speed of progression, were equally visible in trails 
covering undisturbed  creeping over the whole length of the platform. 
In  fact,  the  mean  amplitudes  of  orientation  obtained  in  this  way 
agree quantitatively  with those obtained  by the first method  at  the 
same  inclinations.  The  relation  between  change  of  amplitude  and 
alteration of the head movements was investigated by means of trails 
upon smoked paper. 
Fro.  3. To illustrate  method of obtaining the angle of upward orientation  (0). 
The heavy lines are the paths of creeping as recorded by tracing the position of 
the posterior end of the auimal ( × ½).  The light, dashed lines are the fitted slopes. 
Group A, caterpillar No. 15, a  =  40~; 13, No. 18, a  =  60*; C, No. 10, a  =  40  °. 
C shows a trail of the widely curving type referred to in the text. 810  GEOTROPISM  OF  INSECTS 
IV. 
The method of measurement of the angles of orientation is  suffi- 
ciently illustrated by the examples in Fig. 3.  The aim was to obtain 
a  measure of the  average  angle  of orientation  (e).  Consequently 
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FIG.  4.  Summated frequency distributions for readings of e at a  =  30  °, 40  °, 
50  °, 80  °, with caterpillar No.  18.  The means are located at the inflection points. 
The distributions are of a span decreasing with rise of (~, and show slight negative 
skewness.  The measurements here represented are typical for other Individuals. 
the 'right' and the 'left' trails for each individual,  at  a  given value 
of  a, were  averaged  separately  from  the  10  to  20 trails  secured. 
The average 0 was then taken as the mean of the 'right'  and  'left' 
values, and these averaged for the different individuals.  This pro- 
cedure makes it difficult to give an adequate value of a  P.E.  for the w.  j.  CROZIER AI~  ~.  J.  B.  S,IElZ  811 
general average, except in terms of the contributing averages from the 
several  individuals.  Perhaps  the  most  convenient method of illus- 
trating the nature and the extent of variation in the data  is to give 
plottings showing (1)  dispersions of individual readings of 0,  (2)  the 
random  (i.e.,  fluctuating)  character of the  'right'-'leff'  asymmetry, 
(3) dispersion of the means for the separate individuals.  These points 
are illustrated in Figs. 4, 5, and 6. 
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FIO. 5. Showing the random character of the  asymmetry  ratio  0#0r; data 
from 8 individuals, at various times, at several values of the inclination ~.  (The 
ratio for left and.right orientations of any one individual may vary from 0.6 to 1.2 
at different times.) 
In comparing frequency distributions (Fig. 4) it is certainly illegiti- 
mate to construct histograms at all magnitudes of a  with equal size 
classes  for the observed O's, because the recognizable behavior of O 
(cf.  Crozier and Pincus, 1926--27,  a;  Crozier  and  Oxnard,  1927-28, 
indicates plainly that  the  variability of 0 (mean) is  itself a  function 812  GEOTROPISM  OF  INSECTS 
of a.  It is more convenient, for our present purpose, to provide a 
typical illustration of the conditions met with; in Fig. 4 this is done 
by giving dispersions of 0 in the ogive form, from measurements with 
one individual.  When data secured from all individuals used at one 
value of a  are lumped together, the frequency plot may show pro- 
nounced negative skewness.  This is due to the inhomogeneity of the 
group; the general mean now deviates from the average of the con- 
tributing means.  The skewness is most marked at lower values of a, 
TABLE  I. 
The extent  of  upward orientation  (0)  in negatively geotropic larva~  of Mala- 
cosoma americana with various inclinations of the creeping surface (a).  0 is given 
as the general mean of the averages of 10 to 20 trails with each of 6  to 22 individ- 
uals, each used at more than 3  (usually 6) values of a. 
a  0 
15 ° 
• 20 ° 
25 ° 
30 ° 
35 ° 
40 ° 
45 ° 
48 ° 
50 ° 
55 ° 
60 ° 
63 ° 
70 ° 
80 ° 
85 ° 
31.18 ° -4- 0.59 
44,87 ° 4-  1.87 
49.49 ° 4- 2.46 
59.74 ° 4- 2.04 
67.17 ° 4- 9.72 
66.79 ° 4-  1.50 
69.19 ° 4- 1.95 
65,98 ° 4- 2.00 
75.37 ° 4- 0.49 
74.78 ° -4- 1,86 
76.40 ° 4-  1,15 
78.42 ~ 4- 2.25 
77.13 ° 4-  1.45 
80.79 ° 4- 0.82 
83.76 ° 4- 0.82 
and  general  theory predicts  that  the  distribution  should  then  be 
normal  if  the  frequency classes  are  formed in  a  geometric  series. 
The application of the theory of logarithmic frequency distributions 
to such cases will be discussed elsewhere.  Speaking generally, it may 
be remarked that there is illustrated in this way merely a consequence 
of the fact that, to a  sufficient approximation for most purposes, 0 is 
a  linear  function of  log  sin  a,  and  that  variables  contributing  to 
erratic  (low)  values  of #,--that  is,  such  as  mask  or  compete with 
geotropism--are suppressed with an efficiency which is also  a  linear w.  J.  CROZIER  AND  T.  J.  B.  STIER  813 
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FIo. 6.  Frequencies of 0 as measured from trails of 13 caterpillars at a  =  40* 
(n  =  280).  The curve shows some negative skewness, yet the group mean (M), 
the median for this distribution, and the mode are fairly close.  The distribution 
of the means from the observations upon the separate individuals is given in the 
insert.  The "tail," that is, the as)~rnetry due to excess 1Qw values of 0, should 
decrease with increase of a,  and nearly in direct proportion to log sin a, if the 
general theory is sound.  To test this predsely requires data of greater homogene- 
ity than we now have, but the curve given for a  =  60  ° (n  =  140, plotted on a per- 
centage scale) illustrates the relation qualitatively.  The point may be examined 
in another way.  As subsequently brought out, the product (sin 0)  (sin a) should 
be a constant, statistically; therefore, with constant a the logarithm of the s-mined 
frequencies of e should be found to be linearly related to sin o, if attention be paid 
to those observed low values of o which represent departures from the ideal magni- 
tude due to some excitation the effects of which are not overcome by the geotropic 
excitation.  The assumption here is that the orienting force is a function of sin  0 
(with = constant), and that negative departures from a  mean value of 0,  repre- 
senting the "interference" of other kinds of stimulation, should be expected with 
a  nearly logarithmic decrease as  the magnitudes  of the  orienting stimulations 
associated with the departures increase.  Graphs C, D, which are typical, show 
that this view is justified. 814  GEOTROPIS~I  OF  INSECTS 
function of  log  sin  ~x.  This  is  of course  the  meaning of the  fact, 
already abundantly demonstrated, that the variability of 0 (for cases 
with normal frequency distribution; Crozier and Pincus, 1926-27,  a, 
b,  c;  Pincus,  1926-27;  Crozier  and  Oxnard,  1927-28)  decreases  in 
direct proportion to log sin  a.  At the highest values of a  (cf. Fig. 4, 
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Fro.  7. Relation between tilt of angle of inclination (a) of plane from the hori- 
zontal and the mean angle of upward orientation (0) on the plane (Malacasoma 
larwe).  Lower  curve, means of the average O's; upper curve, means from one 
individual.  The curve is that found in Fig. 8. 
e.g.)  the  distribution is Slightly skewed, because e cannot very well 
be  >  90  °. 
The  resulting mean angles of upward orientation  obtained  from 
experiments  with  22  individuals  are  collected  in  Table I.  The 
variability  of  the  means  decreases  as  ~ is  made  larger,  but  fails W.  .]'. CROZIER  AND  T.  .]'. B.  STIER  815 
to  exhibit  the  regularity  obtained  in  earlier  measurements  with 
young mammals (Crozier and Pincus, 1926-27, a, b, c; Pincus, 1926-27; 
Crozier and Oxnard,  1927-28).  This is undoubtedly due to the fact 
that  the mean values of 0 from tests with different individuals have 
been averaged.  Duplicate  sets of experiments  with the same larva~ 
qb 
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FIo.  8.  Rectilinear relationship between mean 0 and log sin a. 
show excellent agreement.  For example, at a  -  40  ° two independent" 
series of tests with caterpillar No. 1 gave 8 -  56.4  °, 58.5°; at  20  °, two 
series with No. 4 gave 0  --  46.4  °, 46.5°; at 60  °, two series with  No. 8 
gave ~ =  72.5 °,  72.4°; at 80  °, two series with No.  17 gave 0  =  82.0  °, 
75.6  ° . 
A smooth relationship is apparent between the tilt  (a) of the plane 
and  the mean  extent  (8)  of the  upward  orientation.  This  holds  as 816  GEOTROPIS~ OF INSECTS 
well for the data from single individuals (cf. Fig. 7).  As with rodents 
(Crozier  and Pincus,  1926-27,  a,  c;  Crozier and  Oxnard,  1927-28) 
and slugs (Wolf,  1926-27),  the angle 0 is linearly proportional to log 
sin a, and hence to the logarithm of the component of gravity acting 
to produce downward pull on the plane.  The relationship (Fig. 8) is 
precise  enough  to  permit  its  use  for  experiments  with  compound. 
fields of excitation, analagous to those already made with rats  (Crozier 
and  Pincus,  1926-27,  b).  But  it  is  desirable  to  obtain  another 
formulation,  in  terms  of  a  structurally  possible  mechanism.  This 
may easily be done by means of a  simple  assumption, which is not 
arbitrary because, for one thing, it is open to independent test. 
/ 
/ 
FIG. 9. Indicating definitions of a, 0, and the angles h, h', determined by the 
sideward excursions  of the head. 
With the terminology given in Fig. 9, let it be supposed  that  in 
steady progression, with a given amplitude of the sideward swings of 
the anterior end, the caterpillar turns upward until the difference be- 
tween the tensions  of the  "head" upon the lateral musculature  of 
.the  upper  side  in  positions  (1)  and  (2)  is  reduced  to  a  constant 
(threshold) value.  In applying this assumption to the average angles 
of orientation (Table I) it is assumed that the mean amplitude of the 
head swings, that  is,  the angle 2h,  is constant  under all conditions 
of  creeping,  a  view  which  mere  inspection  during  the  prolonged 
experimentation  suffices  to  show  cannot be  very  far  wrong.  The 
method of  averages employed in getting the values of 0  discounts W.  J.  CROZIER  AIWD T.  J.  B.  STIER  817 
independent  variations in muscular sensitivity on the two sides of the 
body,  and  the  distribution  of  the  "asymmetry"  ratios  shows  that 
these, and h and h', are statistically equal. 
On this assumption, from Fig. 9, at orientation 
g [cos (0 -  h) -  cos (0 +  h')] = coast., 
where  g  is  the  effective  component  of  gravity,  =  K  sin a;  then, 
directly, 
(sin a)  (sin h)  (sin O)  -- K. 
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FXG. 10. Sin 0 -- -  K/sin a +  C. 
If h be constant, 
s~nOslna  =  K'. 
If g  be constant,  e must  vary inversely with  h.  These  two  conse- 
quences we proceed to  test.  The  first  is  shown by Fig.  10 to  give 
excellent quantitative correspondence with the facts of observation. 
The  second  consequence  (which  agrees  with  simple  observation) 
can only be tested in a  qualitative manner, but with a  decisive result. 
By means of trails upon lightly smoked paper it is possible to measure, 
with fixed inclination  of the plane  (a),  the  relation  between  "spon- 818  GEOTROPIS~  OF INSECTS 
taneous" changes of 0 and the automatically recorded changes in the 
lateral swinging excursions of the anterior end.  These  changes are 
involved with spontaneous changes in the speed of  progression, and 
thus contribute to the variability 0 as seen in the "long trail"  experi- 
ments  already mentioned.  The  results  of  a  number  of  such tests 
are collected in Table II.  They show that when, with  constant a, 
0 increases, the lateral excursions decrease in  amplitude; hence  the 
angle of the  swings must  decrease  (since the  structurally  movable 
part is necessarily restricted to the head and thorax, hence it is not a 
question  of  mere  posterior  shifting of the origin of the  swings). 
This  relationship  may  be  tested  in  another  way.  With  a  single 
TABLE  II. 
Mean values of the width of the trail left on smoked  paper by a Malacosoma 
larva at various angIes of orientation (0), creeping on a plane tilted at a  =  20  ° 
or 40  ° . 
0  Width 
30°4-3 
45°4-4 
60°.4-3 
750-4-2 
85 ° 
12.5 
12 
11 
10.8 
10 
individual it would be expected that, barring changes in "sensitivity," 
the "head angle" should decrease as a  is increased, disregarding the 
magnitudes of 0.  The "head angle" is  again  roughly measurable by 
the width of the path left upon the smoked paper by the mouth-parts 
and the cephalic "hairs" in creeping.  A series of such tests gave the 
following values: 
et  ----  20  °  50  °  80  ° 
Mean  width of trail, ram.,  -  11  10  8.5 
V. 
The result regarding the interpretation of geotropic orientation in 
Malacosoma larvae is thus held to be a  close parallel for that in the 
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differences (1) that the "head angle" is dynamically determined  by the 
method of progression, rather than structurally fixed, and (2) that the 
downward pull appealed to as providing the stimulus for orientation 
is exerted upon the musculature of one side only, namely the upper. 
With an organism having a  body so nearly cylindrical as the cater- 
pillar's  is,  and  supported along its length,  except  from the thorax 
forward, by means of the prolegs, there seems no alternative method 
whereby a  source of differential excitation may be found such as  is 
required to give the experimental results. 
It has been pointed out  (cf.  e.g.,  Parker,  1922) that in general the 
older mechanical theory of geotropic orientation meets with serious 
difficulties, at least when considered in the form that the weight of 
the body, and thus the axis of the organism, is disposed in a particular 
way in relation to the locomotor apparatus according to the action 
of gravitation upon the body as  an inert mass.  There are equally 
serious obstacles in the way of any general application of a "statolith" 
theory.  Particularly, there is no apparent means, on such basis as 
provided by either of these views, whereby to account for the quan- 
titative  relationships between gravitational pull and the  amplitude 
of orientation.  There is left the appeal to the proprioceptive results 
of muscle tensions, already suggested to account for certain features 
of geotropism among insects (cf.  Cole, 1917) and molluscs (Arey and 
Crozier,  1919;  Crozier  and  Federighi,  1924-25;  Cole  1926-28), 
although  at  that  time  without  detailed  support  or  development; 
and in  certain  cases  among metazoans the possible directive effect 
by the pull of the weight of certain internal organs  (cf.  Crozier and 
Arey,  1919),  as  shown  especially  by  Wolf  in  connection with  the 
righting movements of the starfish  (Wolf,  1925)  and  suggested by 
Parker  (1922)  for  the  orientation  of  the  sea  urchin  Centrechinus 
(through the weight of the long spines; cf.  also Bolin (1926)).  Experi- 
ments by one of us (T. J. B. S.), now in progress, have shown that the 
deforming pressure of the pull of the body wall, in Holothurians, may 
be effective for some manifestations of geotropism, thus quite apart 
from the possibility of the pull of spines, or of internal organs (or of 
the statocyst function in synaptids (cf.  Olmsted, 1917)). 
The point of this digression is, that although the theory of statolith 820  GEOTROPISM  OF INSECTS 
function may be necessary for some forms, to account for the direction 
of geotropic orientation--upward or downward--and perhaps in deal- 
ing with certain forms of experimental reversal of the orientation, the 
deforming pressures of the body weight upon the parietal  muscula- 
ture, or upon the muscles of appendages, must be taken to provide the 
bilaterally  differential ,effect  necessary to govern the occurrence  and 
the amount  of orientation as a function of the intensity of the exciting 
force; the effect of added loads is definite confirmation (Crozier and 
Pincus, 1926-27, a; Pincus, 1926-27).  It is this aspect of the matter 
which is the most inviting.  Not only does it permit precise description 
of behavior  in terms of simple mechanisms, but  it  seems to  give a 
fairly direct approach to the investigation of the physiology of muscle 
receptors. 
VI. 
SUMMARY. 
The geotropic orientation of caterpillars  of Malacosoma  americana 
during progression upon a surface inclined at angle a to the horizontal 
is such that the path makes an average angle O upward on the plane, 
of a magnitude proportional to log sin ~.  More precisely, the product 
(sin a)  (sin 0)  is constant.  This is traced to the fluctuation of the 
pull  of  the  head  region  upon the  lateral  musculature  of the  upper 
side during the side to side swinging implicated in progression. 
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